Introduction
The present work was initiated aiming at an understanding of the mechanism of skull formation on the surface of various refractory materials after the secondary refining of molten stainless steels. The work has relevance to clean steel production and precise control of metal composition, because skull formation may yield the addition of nonmetallic inclusions in a successive heat. Moreover, when a different composition is required for molten steel in the successive heat, it is difficult to control metal composition precisely.
There are two factors strongly affecting on the skull formation. First, the skull formation is closely related to the wettability of a refractory by molten steel. The work of adhesion is defined as the work to separate metal from refractory. The work of adhesion is expressed by Eq. (1) . where s MS , s M , s S and q denote the interfacial energy between metal and refractory, the surface energy of molten steel, the surface energy of refractory, and the contact angle between molten steel and refractory, respectively. From Eq.
(1), the higher the surface tension or the lower the contact angle, the stronger the work of adhesion. Consequently, as the work of adhesion increases, it becomes difficult to separate metal from the refractory surface. Secondly, the skull formation is affected by the oxide formation when the molten steel is exposed to the air. For stainless steels, chromium is preferentially oxidized before iron, generating chromium oxide containing slag by the reaction with the refractory. Therefore, a dynamic in-situ observation on the liquid stainless steel alloys reacting with refractory materials, when a different oxygen partial pressure was imposed, is important in understanding the phenomenon of skull formation after secondary steelmaking.
Wetting characteristics of liquid iron on various refractory materials, when a controlled oxygen partial pressure was imposed, have been extensively investigated by Seetharaman's group at KTH, Sweden. Kapilashrami et al. [1] [2] [3] investigated the wetting characteristics of pure liquid iron on three different types of oxide substrates, namely alumina, silicate and mullite. From the work with alumina, a spinel phase (hercynite, FeAl 2 O 4 ) was formed when the oxygen potential was favorable.
1) For the work with silicate and mullite, a molten slag phase was formed. Zhang et al. 4) investigated the wetting characteristics of liquid iron on MgAlON-based refractories under a controlled oxygen partial pressure, and found the formation of FeO-Al 2 O 3 -MgO(-B 2 O 3 ) slag.
There are only limited numbers of reports on the wetting characteristics of liquid stainless steels on refractory materials under a controlled oxygen potential. 5, 6) Since alumina is one of the major refractory materials in the metal-line of a ladle, the information of the wetting characteristic of liquid stainless steel on the alumina substrate is of great interest. In the present work, the wetting behavior of a liquid Using the sessile drop technique, the contact angle between a liquid Fe-19%Cr-10%Ni drop and a dense alumina substrate was measured under H 2 as well as CO 2 -H 2 atmospheres in the temperature range of 1 753 to 1 823 K. The measurements were carried out both in the static mode and the dynamic mode. The static measurements in hydrogen showed that the contact angle decreased from 135 to 107°by increasing temperature from 1 753 to 1 823 K. In the dynamic mode, gas mixtures of different oxygen partial pressures were imposed on the system. At 1 753 K, the contact angle was decreased under the condition of oxide formation, whereas the contact angle was not changed under the condition of no oxide formation. At 1 823 K, the contact angle did not change regardless of the oxide formation. The time required for the surface oxide layer to fully cover the liquid metal drop was decreased by increasing the temperature.
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substrate was investigated using the sessile drop method. The contact angles were measured both in the static as well as the dynamic modes.* 2 The experiments were carried out in hydrogen as well as predetermined oxygen partial pressures generated by suitable mixture of CO 2 and H 2 . The experimental temperature was in the range of 1 753-1 823 K.
Experimental

Materials
In the present experiments, metals are prepared using induction melting under vacuum. The result of chemical analysis is presented in Table 1 . Oxygen concentration was 70 ppm before experiments, which decreased to 20 ppm by imposing hydrogen gas during the experiments. High-purity dense alumina substrates (99.99% purity) of 20 mm in diameter and 5 mm in thickness were supplied by Kojundokagaku, Osaka, Japan. The mean roughness (Ra) of the alumina surface was estimated to be 333 nm with AFM (Autoprobe CP, Veeco Instruments, USA). The Ar, CO 2 and H 2 gases used in the present experiments were 99.9999 vol% pure. Traces of moisture, CO 2 and oxygen in the Ar gas were removed by passing the gas through a gas cleaning system. The moisture in the gas was removed by passing the gas through the columns of silica gel and magnesium perchlorate. The CO 2 was absorbed by ascarite and the trace of oxygen was removed by passing the gas through magnesium chips at 773 K.
Apparatus and Procedure
The apparatus used for the sessile drop measurements consisted of an image analyzing system and a MoSi 2 resistance furnace. A schematic diagram of the experimental apparatus is presented in Fig. 1 . A high resolution CCD camera (1 600ϫ1 200 pixels) and a halogen lamp were used to capture a clear image of the metal sample on ceramic substrates. The MoSi 2 heating elements were capable of heating the furnace up to 1 973 K. The furnace temperature was controlled by a B-type thermocouple. Two quartz windows of 25 mm in diameter were provided on the opposite sides of the furnace for the observation of the sample assembly inside the furnace. An alumina reaction tube with an inner diameter of 60 mm and a length of 900 mm was placed horizontally in the furnace. The entire system was capable of operating under vacuum, inert gas, or with gas mixtures.
In the contact angle measurements, a piece of cylindertype metal sample (approximately 0.3 g) was placed on an alumina substrate. Extreme care was taken to ensure the level of each substrate. The sample assembly was placed in the center of the furnace and the system was evacuated to 10 3 Pa. The reaction tube was then filled with purified argon gas. This procedure was repeated for three times, and then H 2 -Ar gas mixture was allowed to flow for approximately 12 h at a flowing rate of 300 mL/min STP in order to flush the system completely. Then, the furnace was heated to the predetermined experimental temperature. From 1 673 K, the reaction gas was changed to pure H 2 at a flow rate of 300 mL/min STP. After the attainment of this temperature, the furnace was allowed to stabilize for at least 1 h. When a dynamic mode was observed, a predetermined CO 2 -H 2 gas mixture was imposed on the system at a flow rate of 300 mL/min STP. The oxygen partial pressure was calculated using the thermodynamic data from Ref. 7). After experiments, the cross-sections of the samples were investigated using an optical microscope and SEM-EDS.
Results and Discussion
In the sessile drop experiments in the present study, the The dynamic mode is defined as the condition when oxygen transfer occurs from the gas atmosphere to the metal surface by imposing the system in a gas mixture of an oxygen partial pressure different from the initial stage. As a result of the dynamic oxygen transfer, the contact angle and the shape of the droplet may change with time. ). If we assume that the change in the surface tension of liquid Fe-19%Cr-10%Ni alloy is ignorable, it is calculated from Eq. (1) that the work of adhesion was increased by 2.6 times when the temperature changes from 1 753 to 1 823 K.
In the next series of experiments, the contact angle changes were investigated, when two different oxygen partial pressures was imposed to the sample at 1 753 and 1 823 K, respectively. The oxygen partial pressures were selected just above and below that of Cr 2 O 3 formation ( Table  2 ). In Fig. 3(a) Ϫ12 atm it gradually decreased from 130 to 105°as the reaction time increased (Fig. 3(b) ).
It was also found that the surface oxide layer started to form after the contact angle was settled at 105°. It is considered that the contact angle decrease was due to the oxygen adsorption at the metal surface, namely due to the decrease in the surface tension. 10) However, from the experiments at 1 823 K, no contact angle change was observed in spite of the oxide formation (Fig. 4) . At 1 823 K, the initial contact angle was close to 90°, so that it would be difficult to reflect the effect of the oxygen adsorption at the metal surface and corresponding surface tension decrease. Conse- quently, the work of adhesion just before the oxide formation was probably slightly decreased by the decrease in the surface tension of the metal. 10) In Fig. 5 are shown the macroscopic images of the crosssection of the sample assemblies after 1 753 K experiments. It is clearly found that the surface and interface morphology change was pronounced for the sample at p(O 2 )ϭ 2.40ϫ10 Ϫ12 atm. For this sample, a new product layer was observed at the metal-alumina interface (Fig. 6) . From an EDS analysis, the product layer was identified as a mixture of 40%Al 2 O 3 -60%Cr 2 O 3 and SiO 2 (small dark areas of the product layer in Fig. 6 ). Accordingly, it is considered that the adhesion of metal to the alumina substrate was enhanced by the formation of the oxide layer.
In Figs. 7 and 8 , the image sequences of the surface oxide layer covering a metal droplet at 1 753 and 1 823 K were shown, respectively. In the figures, the metal-oxide interface was indicated as dashed lines. The exposure time to the predetermined oxygen partial pressure was shown below each picture. The oxide layer initiated at the solid/liquid/gas triple point, and covered the liquid metal in 60-100 s. From this experiment, it is considered that the oxide layer captured the metal drop on the refractory surface, yielding skull generation.
In Fig. 9 , the maximum height of the surface oxide layer is plotted as a function of time. The time at which the oxide layer was firstly detected, was defined at 0 s. It is found that the increase in the maximum height of the oxide layer is faster at 1 823 K than that at 1 723 K. Consequently, it is considered that the skull is easily generated as the metal temperature increases.
Conclusions
From the static sessile drop measurements, it was found that the contact angle in hydrogen atmosphere decreased with increasing temperature. Accordingly, the work of adhesion considerably increased as the temperature slightly increased. From the in-situ observation of the oxide formation on the metal surface, firstly oxygen adsorption in the metal surface slightly decreases the adhesion energy, but the surface oxide layer captured the metal to the alumina surface, yielding metal sticking onto the alumina substrate. It is considered that the results of the present study are useful in understanding the mechanism of skull formation after the secondary steelmaking of stainless steels.
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